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Abstract 
 
Even with current computer capabilities, it is generally not possible to run fluid flow simulations on fine scale geological 
models. Therefore, a reliable upscaled model is fundamental to predicting potential recoveries. Conventional upscaling 
methods, which are simple and quick to implement, can result in major discrepancies between the coarse grid and fine model. 
In particular, the interwell and near-well flow behaviour can be severely impacted by the loss of heterogeneity caused by 
standard averaging methods of the permeability field.  
This study investigates approaches to improve upscaling results by the use of statistical assisted history matching tools. The 
focus is to reduce errors obtained from conventional upscaling techniques by adjusting the grid properties. Workflows are 
proposed for tuning the upscaling properties, emphasising the near-well and interwell regions using advanced assisted history 
matching tools. Selection criteria have been defined to measure the scope of workflow optimisation and practicality. The 
workflows are evaluated by testing on three distinct production strategies using waterflood with different well patterns to 
assess the impact of flow geometries combined with the heterogeneity effects. The statistical approach is also compared with a 
gradient-based history matching method.  
Overall, the history matching methodology has been successfully applied to improve the reliability of the upscaled model 
using workflows that are practical and have the potential to be automated. However, the level of optimisation and 
computational efforts can vary significantly, depending on the reservoir characteristics and the production strategy. 
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Abstract 
Even with current computer capabilities, it is generally not possible to run fluid flow simulations on fine scale geological 
models. Therefore, a reliable upscaled model is fundamental to predicting potential recoveries. Conventional upscaling 
methods, which are simple and quick to implement, can result in major discrepancies between the coarse and fine models. In 
particular, the interwell and near-well flow behaviour can be severely impacted by the loss of heterogeneity caused by standard 
averaging methods of the permeability field.  
This study investigates approaches to improve upscaling results by the use of statistical assisted history matching tools. The 
focus is to reduce errors obtained from conventional upscaling techniques by adjusting the grid properties. Workflows are 
proposed for tuning the upscaling properties, emphasising the near-well and interwell regions using advanced assisted history 
matching tools. Selection criteria have been defined to measure the scope of workflow optimisation and practicality. The 
workflows are evaluated by testing on three distinct production strategies using waterflood with different well patterns to 
assess the impact of flow geometries combined with the heterogeneity effects. The statistical approach is also compared with a 
gradient-based history matching method.  
Overall, the history matching methodology has been successfully applied to improve the reliability of the upscaled model 
using workflows that are practical and have the potential to be automated. However, the level of optimisation and 
computational efforts can vary significantly, depending on the reservoir characteristics and the production strategy. 
 
Introduction  
This paper aims to tackle typical upscaling problems using advanced Assisted History Matching methodologies applied to a 
waterflooding case study.  
 
Upscaling 
 
Geological models are designed to capture extreme levels of complexity associated with heterogeneous reservoirs. Millions 
of cells are needed to accurately capture detailed geological heterogeneities which require great computational efforts. To an 
extent, upscaling can be used to provide a solution. However, conventional property averaging techniques (Blunt and Christie 
(2001)) that are easy to implement generally result in a loss of heterogeneity, causing a deviation of results from the ‘true’ 
geological model. The deviation is known to depend on several factors, in particular, the level of upscaling, separation of 
length scales and correlation lengths of the heterogeneities (Farmer (2002), Barker and Thibeau (1997)). In general, local 
conventional permeability upscaling techniques such as arithmetic-harmonic are unable to fully capture large correlation 
heterogeneity lengths, for example, in channelised reservoirs.  
  
The effect of radial flow in the vicinity of the wellbore has been a recent focus for potential advances in upscaling. On a 
reservoir scale, the flow regions can be classified by 2 flow regimes; linear and radial, which form regions of low and high 
pressure gradients, respectively. Chen and Wu (2008) considered the near well upscaling problem in the form of a flow 
equation with singular and regular solutions that refer to the radial and ‘well behaved’ linear flow regimes respectively. The 
singular flow solution is in fact dominated by the permeability of the fine grid at coarsened the well connections.  Many 
solutions have been proposed to address the near-well radial flow problem. Ding (1995) has the most recognised near well 
method that essentially addresses the ‘equivalent transmissibility’ problem which involves calculating equivalent coarse grid 
transmissibilities in the near well region to compute an accurate numerical well Productivity Index (PI) for the coarse grid as 
given by Equation 1. This ‘equivalent transmissibility’ is achieved by superimposing the fine and coarse grids, and summating 
the fine scale fluxes corresponding to the respective coarse grid.  
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The well PI given by Equation 1 requires the calculation of the pore volume averaged coarse grid block cell pressure, and 
the fine grid pressures calculated under the assumptions of steady state incompressible flow.  Several authors such as 
Durlofsky and Bernath (1996) and Zhang et al. (2005) have made developments for near-well methods from Ding (1995)’s 
Imperial College 
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proposed methodology.  
 
For the inter-well regions corresponding to the linear flow regime, transmissibility upscaling is preferred since it is the 
intrinsic property relating flow rate and pressure drop between two neighbouring grid cells i.e. it accounts for the connectivity 
between the coarse blocks, and allows to maintain the heterogeneity trends (Wang and Gupta (1999)). Chen et al. (2009) also 
stressed the importance of upscaling transmissibility compared to permeability as it can remove the need for harmonic step 
thereby avoiding potential errors in high contrasting permeability fields. Durlofsky and Bernath (1996) tackled inter-well 
problems by non-uniform coarsening methods that involve refinements around regions of high flow rates which can 
significantly reduce upscaling errors. Preserving thin high or low permeability streaks can also improve the upscaling results; 
however, this is a realisation dependant process and can increase the number of layers and therefore the computation times.  
 
History Matching Tools 
 
The phase that commonly follows upscaling, known as history matching is one of the most fundamental steps in validating 
a reservoir simulation model. It is therefore critical for typical Reservoir Engineering workflows, especially as it provides a 
basis for a more representable reservoir model that can be used for reliable production forecasts. The match is typically 
achieved by varying uncertain reservoir parameters until the simulation results in an accurate representation of the past 
reservoir behaviour. In a sense, a typical history matching problem is similar to upscaling in the sense that it forms an ill-posed 
inverse problem as illustrated by Yamada (2000) and Tavassoli et al. (2004). In addition, both concern tuning a mismatch, 
either with respect to a fine modelled grid or actual observed data in order to increase the reliability of the results.  Another 
analogous problem is that of realisation dependency as stressed by Cancelliere et al. (2011) as history matching criticalities 
vary for each studied reservoir. This makes it extremely difficult to construct a universal upscaling or history matching 
solution for general reservoir engineering problems.  
The conventional manual history matching approach is highly dependent on experience and can be extremely time 
consuming with increased level of uncertainties. As a result, assisted history matching (AHM) tools have been developed. The 
most common are based on either gradient or statistical algorithms. Derivative free methods are easy to implement and the 
sensitivity analysis is less complex as it reduces the need to calculate sensitivity coefficients (Rwechungura et al. (2011)). 
However the greatest disadvantage of statistical methods is the required number of iterations as indicated by Schulze-Riegert et 
al. (2002). On the other hand, gradient based methods may provide faster convergence but they tend to get stuck in local 
minima (Gómez et al. (1999).  Due to the inverse nature of the problem, the scope for an entirely automated HM process is 
minimal. Instead, majority of proposed solutions consider AHM tools where only part of the process is automated ((Maschio 
and Schiozer (2005)). AHM methods generally rely on minimising a global objective function which is given by Equation 2 
(Barker et al. (2001)). The global function relates simulated data to the observed data with the respective weight functions and 
standard deviations. This provides a measure of error associated with a mismatch i.e. the lower the value of the objective 
function, the better the match.  
 
2
( )i
j jN
ji i i
ii
ji i
s x o
Q
N





 
 
 
   …………………………………………………………………………………………………………………………………………..(2) 
 
Using history matching to improve upscaled models is rarely addressed. However, recently, there has been some scope for the 
use of assisted history matching tools to improve three phase flow near-well upscaling using a gradient based optimisation as 
investigated by Nakashima et al. (2012).  Other authors such as Bhark et al. (2011) have looked into the problem of multi-scale 
history matching which involves a combination of upscaling and downscaling to form an effective history matching workflow. 
A good quality upscaled model is fundamental as it forms a basis for the History Matching methodology and consequent 
workflows as shown by Allam et al. (2004).  
The focus of this study is to apply History Matching tools to particular upscaling problems, namely to improve coarse grid 
properties for interwell and near well flow in water-flooded models. The primary objective is to tune a simple upscaled coarse 
grid model with the application of a universal AHM workflow to obtain a better match to the base fine grid, as a first step 
towards using the coarse model for a full field history. The paper presents a study of 3 distinct waterflood production 
strategies, applied to a sample heterogeneous model with large areal correlation lengths. These strategies are used to test and 
identify an enhanced workflow that can potentially be used as a universal solution for waterflood upscaling problems that arise 
from conventional upscaling methods. Alternate solutions are also demonstrated as enhancement techniques to the original 
workflows which include gradient based methods and the use of Local Grid Refinements (LGR).  
Methodology, Analysis, and Discussion 
Model description 
 
 
 
 
 
 
 
Table 1 - Model grid, rock and fluid properties.  
Rock and Fluid Properties Value Unit 
Average initial reservoir pressure 4018 psi 
Oil Viscosity 1.85 cp 
Water compressibility 3.03×10-6 psi-1 
Rock compressibility 0.3×10-5 psi-1 
Grid Properties 
Number of cells 100000  
Cell Dimensions 50x50x40  
Dimensions 2000x2000x100 ft 
3                        Application of History Matching Tools to Upscaling 
 
Figure 1 – 50x50x40 Heterogeneous Test Model 1 with Large Areal 
Correlation lengths.  
 
A channelled reservoir model with large areal correlation lengths is considered for testing the application of history 
matching tools to upscaling. Five facies are defined on the basis of typical porosity and permeability values given in Table 2. A 
zone by zone view for the permeability distributions is presented in Appendix B.  
 
History Matching Methodology  
 
The aim is to apply a history matching workflow that would allow one to tune a typical upscaling problem i.e. to produce a 
more reliable model that closely matches the fine grid. In essence, the objective is to select a history matching algorithm to 
match a fine grid model with a high scope for optimisation at minimal computational efforts. As discussed previously, there 
are several AHM approaches available to a reservoir Engineer, all of which use optimisation algorithms to minimise the misfit 
function.  Due to their exploitation capabilities, local evolutionary algorithms as statistical methods for optimisation are 
incorporated in the History Matching workflow. Multipurpose Environment for Parallel Optimisation (MEPO) is used as a 
framework for all the required tuning tasks. The AHM workflow itself is summarised in Figure 2. 
Assuming that the Fine Grid is equivalent to the observed data in a 
typical History Matching problem, the initial step is to select a number of 
uncertain parameters that could potentially act as sources for error to the 
upscaling problem in question. Note that as a general rule, the lower the 
number of parameters used, the faster the rate of convergence i.e. the better 
the exploitation capability of the local statistical approaches. Realistic ranges 
must be considered to eliminate any chances of unphysical well or reservoir 
behaviour.  The Response parameters identified are ones implemented in 
typical history matching workflows which include the Well Bottomhole 
Pressures (WBHP), Well Oil Production Rates (WOPR) and Well Water 
Production Rates (WWPR). From Equation 2, weight functions, ωj and ωi 
can be assigned to emphasise certain response parameters as well as specific 
time periods. However, for tuning the upscaling problem, ωi is kept constant 
i.e. equally weighted across the entire response period corresponding to the 
fine grid.  Weighting by time and response parameter is a useful property for 
history matching for instance, if one wants to prioritise a particular response 
class or emphasise late time match for reliable predictions. The error itself 
can be defined by the definition of the objective function. The normal 
approach for step sizes is to choose relatively large values for initial 
convergence, and reduce as a local minimum is approached. It is important 
to assign constant standard deviations for each type of response parameter as 
these represent the expected errors for instance 25 psi for BHP data. For the 
upscaling problem, the values for the standard deviations, ϭi and response 
parameter weight functions, ωj must be selected to realistically represent the mismatches in the response parameters based on 
the resulting line graphs of the coarse and fine grids.  
 
Before the optimisation stage, a single variable analysis is used to identify the spread associated with a certain range of the 
input or tuning parameter. This is known as One Variable Analysis At a Time (OVAT), which generates a combination of 
minimum and maximum ranges per parameter.  This step is crucial as it can provide the reservoir engineer with confidence in 
the importance of the selected parameter with respect to a solution for a studied response parameter. However, in general, 
input parameters defined are inter related, hence an experimental design method known as Latin Hypercube is used as a 
sampling method. The defined uniform distribution which follows the parameter ranges is split by the sampling method into 
equiprobable sections, and parameter ranges are selected randomly from each defined interval.  It is normally recommended to 
run as many Latin Hypercube experiments to efficiently explore the search space and define a reasonable starting point for the 
Table 2 - Facies average petrophysical properties. 
Facies <Ø> <kx>, mD < ky >, mD < kz>, mD 
Sand 0.20 320 360 40 
Fine Sand 0.23 520 880 40 
Coarse Sand 0.17 220 250 30 
Shale 0.04 0.1 0.1 0.1 
Carbonate 0.12 130 110 45 
 
Figure 2 - History Matching Workflow 
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optimisation process. A local (+) evolutionary strategy (ES) for optimisation is selected based on its exploitation capabilities 
(Figure 3).  
The evolutionary strategy can be classed as either single as shown in Figure 3, or multi-
objective. The general algorithm is a mutative process in which each initial parameter set 
‘parent’ simulation selected leads to several modified field vectors ‘children’. The 
variability of the children in this case illustrates the mutation part of the process, and the 
(+) strategy is used for selection based on a successor i.e. considering all the previous 
simulations (Schulze-Riegert et al. 2002).  A start point is generally required by the ES 
strategy which is provided by the sampling Latin Hypercube method.  
 
Application of a History Match workflow in Upscaling 
 
Defined Heterogeneous study 
 
Upscaled field models tend to capture the effect of both homogenisation and 
discretisation. Therefore, a representative problem is defined in the form of a 25x25x10 coarse grid, which is upscaled from 
Heterogeneous Model 1 and is consistent with general upscaling factors of an order of magnitude (Vakili and Jansen (2008)). 
Relative upscaling in the vertical direction is emphasised in the selected coarse grid to capture the averaging effects of thin 
high or low permeability streaks and areal coarsening by a factor of 2 to include the discretisation effects (Appendix B), as 
well as the breakdown of areal correlation lengths due to the local averaging method. Permeabilities in i, j and k direction are 
upscaled using a standard arithmetic harmonic averaging technique, whilst porosity upscaling is weighted by the cell volume.  
 
Based on recent near well and interwell upscaling problems mentioned previously, 5 different workflows are proposed, all 
of which are tested on the described reservoir model. 3 distinct production strategies are used for further validation of the 
developed workflows.   
 
Parameters and Workflows for upscaling tuning 
 
This section defines the proposed workflows for tuning the upscaled grid properties to match the fine grid: 
 
Workflow 1: Near-well permeability matching 
Analogous to Ding (1995)’s method, this step attempts to capture the fine grid permeability distribution near well i.e. at 
connections. The workflow involves matching solely near well coarse grid permeability distributions to the fine grid.  The 
upscaling technique can result in erroneous permeability distributions at the well, especially for thin permeability streaks 
which can have a devastating effect on the representativeness of the coarse cell in standard upscaling procedures. Absolute 
permeability multipliers are considered as tuning parameters for this test.  
Workflow 2: Near-well permeability matching combined with Interwell Regions 
This step considers Interwell behaviour in addition to the near well strategy defined in workflow 1. It is believed the flow 
rates are heavily affected by the interwell regions. In a reservoir with large correlation lengths one would generally expect a 
linear flow regime to dominate. Since the primary aim of this workflow is to match flow rates, uniform transmissibility 
multipliers are addressed. Transmissibility multipliers are chosen to retain the permeability distribution. 
Workflow 3: Near-well matching by adjusting well PI and matching Interwell Regions 
 An alternate approach for near well behaviour considers the application of a uniform transmissibility connection multiplier 
rather than varying connection permeabilities. This will in turn affect the well PI (Equation 1) i.e. the connected flow from the 
adjacent cell to the connection. Interwell regions are again tackled using uniform transmissibility multipliers. 
Workflow 4: Near-well match and targeting high flow rate interwell layers 
This test also uses well PI multiplier to eliminate near well effects. However, for the reservoir behaviour, transmissibility 
multipliers are used to tackle layers with high flow rates. Therefore, transmissibility multipliers will be applied to certain 
layers impacting flow between the wells.  
 
Workflow 5: Using transmissibility multipliers conditioned to facies 
This workflow contains flexibility that can be applied directly to geological models where the errors due to uncertainty are 
varied in the interwell regions. The multipliers only consider regions as facies with only high permeabilities i.e. those that are 
believed to give rise to high flow rate regions. Since each facies are modelled based on ranges of permeabilities, this study is a 
reasonable approximation.  
 
   Upscaling tuning workflow selection criteria 
 
To identify an effective workflow that can be used to tune the problem of upscaling, the history matching methodology is 
applied to a large correlation length heterogeneous model for 3 different production strategies.  Based on a preliminary 
investigation of history matching workflows, the criteria selected to evaluate the usefulness of a workflow are shown in Table 
3: 
 
 
 
 
 
Figure 3 – Local Single objective 
function ES strategy 
((Schlumberger(2013), MEPO). 
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Table 3 – Criteria used to define an upscaling workflow 
 
To evaluate the optimisation performance for each workflow, the average percentage change in the global objective 
function is considered over all the wells denoted by i, for each production strategy (Equation 3) over a suitable prediction 
period. The base case is defined by the coarse grid and any improvement in the global function, 
iQ  is represented as a 
positive percentage change. The impact on the global objective is studied for each response parameter in a similar way to the 
OVAT analysis used in the commercial AHM software.  
( _ )
n
i
i
Q
Response Parameter
n

  ……………………………………………………………………………………… (3) 
 
Production Strategies 
 
(1). Strategy 1: Single Line Drive (Figure 4(c).) – 2 well model ; Wells ‘Producer’ and ‘Injector’  
(2). Strategy 2: Line Drive model (Figure 4(a).). – 6 well model – 3 Injectors; ‘I-1-LD’, ‘I-2-LD’, ‘I3-LD’ and 3 Producers; 
‘P1-LD’, ‘P2-LD’, ‘P-3-LD’. This strategy is an extension of the single line drive. 
(3). Strategy 3: Five spot pattern (Figure 4(b).) – 5 well model – 1 injector, ‘I-1-FS’, 4 producers ; ‘P-1-5S’, ‘P-2-5S’, ‘P-3-
5S’, ‘P-4-FS’ 
Figure 4 depicts the 3 production strategies considered for the workflow study. The reason for choosing the different 
strategies is the varying levels of reservoir pore volume accessed by the waterflood as well as the flow dimensions. This means 
that each strategy is impacted by reservoir heterogeneities on varying scales. Figure 4 (a) and (c) representing line drive and 
single line drive patterns respectively show one dimensional linear flow along the y axis. The 5 spot pattern (Figure 4(b)) 
provides more of a 2D problem as flow in x dominates as well as y. The workflows are applied to each strategy and the most 
robust workflow is selected based on criteria defined in Table 3. For demonstration purposes, application of workflows to 
production strategy 1 is demonstrated for the following sections. All strategies were run for 21 years on reservoir control rate 
with a voidage replacement of 1.  
 
 
 
 
    
 
 
 
 
 
 
 
 
 
Workflow methodology for Production Strategy 1   
 
This study considers a single line drive with 1 injector and 1 producer placed at the 2 edge centres of the reservoir as depicted 
in Figure 4 (c). 
 
 
Transmissibility at the well connections is given by Equation 4 (Schlumberger (2013), ECLIPSE): 
..................................................................................................................................................................................
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Since θ = π, only half of the area is accessed, therefore for both Injector and Producer, the connection transmissibilities must 
be halved.  
 
 
Near well matching methodology  
Bottomhole pressures can be primarily considered as near well response parameters. It is important to match these as they 
are directly measurable quantities and are required for Tubing Head Pressure (THP) calculations used for forecast runs, as well 
Optimisation Practicality Validation 
ΔCumulative Oil Production at Last time 
step 
Number of parameters Upscaled Distributions 
<Δ(BHP)> Average number of simulation runs Streamlines comparison (TOF) 
<Δ(WWPR)>  Saturation Maps along major flow axes 
<Δ(WOPR)>   
 
Figure 4 – Fine grid 3D water saturation maps for defined waterflood development strategies for workflow testing. (a). Line Drive, (b). 
Five Spot Pattern, (c). Single Line Drive 
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as to match field pressures. An example of the mismatch between simulated and observed BHP for a single line drive is shown 
in Figure 5.  
The near well fine and coarsened connection factor permeabilities with the respective water rates are given in Figure 8.  
  
Figure 5- Near well response parameters (BHPs) shown for the first 2500 days of development strategy 1 (Single Line Drive). 
 
     Workflow 1 is specifically developed to tune the near-well 
regions. For a near-well match, the aim is to improve the mismatch 
for both Injector and Producer BHPs. The history matching 
methodology described previously is used for the tuning task. The 
first step to consider is the near well injector and producer 
connection permeabilities shown in Figure 8. The tuning input 
parameters considered here are permeability multipliers at the 
connections with the lower and upper limits defined as 0.5 and 2 
respectively. Before conducting a workflow, the response 
parameters for strategy 1 are set up, as shown in Figure 6. The 
standard deviations and weight functions are set as to produce a 
true representation (Figure 6) of the global function (Equation 2) 
based on the line plots shown in Figure 5.  Based on an initial 
sensitivity analysis using OVAT, the ranges chosen are confirmed 
(Figure 7). It is observed that the BHP response is far more 
sensitive to changes in connection permeabilities compared to the production rates, as expected, given by the tornado charts in 
Figure 7. Note that a negative percent change denotes an improvement in the overall global function. The near-well behaviour for 
injector is matched by changing the well PI (Equation 4) which affects the BHP. The connection permeability multipliers for the 
injector have a greater influence on the WWPR as compared to the producer, which is expected since injector provides the water 
influx. After identifying the most influential parameters followed by a Latin Hypercube sampling, optimisation is undertaken 
using the multi-objective local evolutionary strategy. The numbers of starting points were kept to a minimum to attain 
characteristics of both single objective and multi-objective techniques.  An alternate solution used by workflows 3-5 for the near 
well tuning concerns the well PI multiplier, which for the purposes of the workflows defined, is manually adjusted per well until a 
reasonable match for the near well response parameters is obtained.  
  
Figure 7- OVAT sensitivity analysis results for workflow 1 showing a greater impact in the global function for the Injector BHP as 
expected+ 
 
 
 
 
 
Figure 6 – Set up of response parameters in terms of 
the global objective function.  
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Workflows applied to interwell regions 
 
As part of interwell matching, production rates are also considered as they play a key role in determining the cumulative 
field oil and water production. Workflows 2-5 are proposed to consider interwell transmissibility multipliers to tune the 
reservoir behaviour. Once the interwell regions are tuned, the near well tuning is applied to provide an optimised solution. 
There is a need to define appropriate parameter ranges for workflows 4 and 5 which consider tuning per layers and facies 
respectively, as opposed to 2 and 3 which use uniform multipliers. The transmissibility multiplier ranges for workflow 4 are 
dependent on the average kxy for the particular high flow rate layer. Similarly, for workflow 5, tuning parameter ranges are 
selected according to the type of facies considered, for instance, a lower upper limit for the fine sand facies is applied to avoid 
the introduction of any unphysical behaviour. For the single line drive, workflow 4 only addresses layers 7 and 8 (Figure 8) for 
the Producer since these exhibited higher relative flow rates for the entire waterflood period.  After the interwell input 
parameters are defined, the multi-objective evolutionary strategy is implemented for optimisation as described earlier.  
   
General Results, Validation and selection of workflow 
 
Practicality and optimisation of workflows 1-5 
 
As described previously, the optimisation analysis requires the average change in the global objective function for each 
response parameter (Equation 3). To compare all the workflow results for each production strategy, it is critical to specify the 
same measurement errors and weights required to calculate global objective function given by Equation 2.  Figure 9 shows the 
overall improvements for the three strategies from the base case chosen as the coarse grid (0%), compared using identical 
weight functions and standard deviations for each workflow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Summary of average Y Permeability values and water rates  
Line Kj
coarse (mD) Water ratecoarse (STB/D) kj
fine(mD) Water ratefine (STB/D) 
A-B 376 84 200 20 
C-D 376 84 1000 100 
E-F 520 32 40 15 
G-H 45 0 40 -8 
I-J 1000 -240 1000 -900 
Figure 8 - Connection Permeabilities for Producer (a). and Injector (b). with the respective water rates at Coarse Grid Breakthrough  
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Figure 9 - Optimisation and Practicality of Strategies 1-3 based on the Global Objective Function 
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Based on mismatch criteria (Table 3) of the global objective function, workflows 4 and 5 show the greatest scope for 
optimisation. For the single line drive case, all workflows show vast improvements in each response parameter, which is partly 
due to the consideration of only a single pair of wells with a well-defined flow path (Figure 4(c)).  
In some cases there were no improvements from the coarse grid such as for workflow 1 which suggests production rate 
responses are primarily dependant on interwell regions. Workflows 3, 4 and 5 which use well PI multipliers to address the 
‘equivalent transmissibility problem’ show consistently valid field pressure matches compared to workflow 1. Workflow 3 
showed minimal enhancements in production rates for the line drive strategy as well as for the injector BHP in the five spot 
pattern. Cumulative production plot is shown for the single 
line drive strategy in Figure 10 for which the workflow 5 
solution shows a poorer match in comparison to the coarse 
grid. These observations are analysed in the following 
section.  
 
In terms of the practicality defined in Table 3, numbers 
of runs are dependent on the ranges, step sizes and number 
of response and input parameters considered. The parameter 
set can vary substantially for workflow 1 depending on the 
level of vertical heterogeneity present at the connections 
hence workflow 1on average requires the greatest number of 
runs to converge. Test 3 and 4 prove to be the most efficient 
as these were subject to the least number of parameters. 
Tests 1 and 2 were interdependent hence these were 
eliminated, as minimal improvements were shown for Line 
Drive and Five Spot strategies.  As more wells are 
introduced the interwell effects are improved less due to communication between the wells themselves.  
 
Validation of workflow 5 
 
Workflow 5 is in fact the most valid method if one compares the streamlines and saturation maps along the flow axis as the 
facies scheme is maintained. Figure 11 depicts the difference in the ‘end’ time of flights between the fine and matched grids 
for workflow 1 and 5 for the top horizon of the test model which can be identified in Figure 1. The end time of flight shows the 
time taken for a neutral tracer to arrive at the producer from the particular points on the grid, which is dependent on the inter 
facies transmissibilities, as well as the flow geometry introduced. The time of flight is the lowest along the axial flow path 
direction. Validation criteria is shown by the 2D water saturation maps along the flow axis, which shows contrasting water 
breakthrough times (as indicated by the flood front) for the tuned models in  Figure  12 (b) and (c) in comparison to the fine 
grid (Figure 12(a)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis and Developments of workflows 
 
Impact of Flow geometry and Heterogeneities  
For a deeper understanding of the response parameters mismatches, it is essential to appreciate the impact of the reservoir 
heterogeneities combined with the flow geometries of the different production strategies. To assess the interwell/near well 
effects of heterogeneities, absolute permeabilities are analysed as these are intrinsic properties of the reservoir. The level of 
 
Figure 10 - Cumulative oil production for strategy 1 
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Figure 12 - Water saturation maps for (a). Fine Grid, (b). Tuned model using workflow 5, (c).Workflow 1 
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heterogeneity, defined as the variation of absolute permeabilities, can be estimated either visually by analysing histograms or 
quantified by the use of a Dykstra-Parsons coefficient, HL. The approach taken here involves a slight modification of the 
standard Dykstra-Parsons coefficients method (Johnson Jr. (1956)). The coefficients are calculated as a function of directional 
permeabilities for the respective flow problem which is dependent on the production strategy in question. The coefficients are 
compared for different wells and a relationship between the level of heterogeneity and near/interwell (depending on the study) 
mismatch parameters is obtained.  
 
Near well heterogeneity effects 
 
Dykstra-Parsons heterogeneity measure is calculated for the single line drive model. Based on Figure 8, the level of 
heterogeneity is calculated for the coarse grid Injector and Producer 
connections. The results obtained are consistent with the hypothesis made 
in the earlier section. This effect of heterogeneity has a significant impact 
on the Well PI.  The dominance of the connection permeabilities can be 
explained by applying an equivalent fine grid LGR of a source distance 
equivalent to a coarse grid cell of 80ft at the connections (Figure 13).  
 
For the case with greater heterogeneity, there is no universal PI 
multiplier that can be applied to reproduce the fine grid behaviour.  
However, for the case with the LGR, the well PI and BHPs are matched as 
illustrated in Figure 14. A general observation is made as the level of 
heterogeneities at the connections limits the optimisation of the near well 
effects.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extending the argument to the line drive and five spot pattern, a more general relationship is obtained for HL and the 
improvement in near well effects, specifically for the injector and producer BHPs. Based on a general sensitivity analysis 
(Figure 16) for all the workflows, it can be confirmed that Z transmissibility is not of great significance for this study as 
opposed to the X and Y effects which are significant, hence X and Y permeabilities are considered in the calculations for HL . 
Upon investigating overall near well matches, a relationship can be identified for the level of heterogeneity and the optimised 
near well response parameters indicated by their global objective values (Figure 15).  
 
  
Figure 15-Plots of Line Drive and  5 spot pattern for the near well matches as a function of heterogeneity levels 
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Figure 13-LGR source region capturing fine 
permeability field 
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The correlation suggests that the injector BHPs are far more 
sensitive to levels of heterogeneity as compared to the producers. 
This problem is further illustrated as the near well productivity 
index for the injector has to be adjusted carefully especially for the 
Line Drive as it in turn effects the interwell reservoir behaviour. 
Therefore the injector PI is also subject to the interwell 
heterogeneities as well as near well.  
 
 
In fact the heterogeneity is not the only effect, there are also 
discretisation effects, and flow based effects due to the breakdown 
of the correlation lengths in addition to the flow geometry specific 
to the production strategy in question. The flow problem can be 
illustrated by analysing the interwell matches obtained for the 
different production strategies and can also explain some of the 
failures of the proposed workflows.  
 
Interwell effects  
 
To explain the interwell effects, Figure 17 revisits production 
strategy 1. This shows the mismatch with an example solution from workflow 5 for the interwell response parameters for a 
single line drive strategy. The water breakthrough in the coarse grid is delayed by approximately a month.   
The reason is believed to be a combination of discretisation errors in the vertical direction, as well as the reduction of thick 
permeability channels (Figure 18) from the fine model as a result of the Arithmetic-Harmonic upscaling. The increase in water 
production is primarily due to the high permeability channels, specifically for layers 7 and 8. Extreme lows in the coarse grid 
have essentially been averaged therefore, after breakthrough; the coarse grid tends to catch up, combined with the 
discretisation effects of the front. The water saturation maps seen previously in Figure 12 correspond to the same cross section 
as Figure 10. Workflow 1 can be approximated as the coarse grid for interwell regions. Figure 12 shows that the dynamic 
effect of averaging the high permeability streak highlighted in Figure 18, causes later breakthrough for the coarse grid.  
 
 
Matching water and oil production rates requires a simple solution which is obtained by increasing the transmissibilities in 
the flow direction to match an earlier water breakthrough, as indicated by the saturation map for workflow 5 in Figure 12(b). 
An interesting result for strategy 1 is that the near well injector behaviour is anti-correlated to the interwell injector behaviour 
 
 
Figure 16-Effect of X and Y Transmissibility Multipliers on 
overall Global 
 
  
Figure 17- Production rates with a workflow 5 solution for strategy 1 
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11                        Application of History Matching Tools to Upscaling 
as represented in Figure 19.  
Interwell Injector behaviour shown by the Latin Hypercube analysis of workflows 1 and 3 (Figure 19) is a simple analogy of 
Darcy’s law given by Equation 5: 
k
q P

   ………………………………………………………………………………………………………………..………………………………..(5) 
Since the rate, q is proportional to the pressure drop, a decrease in reservoir transmissibility which is a function of k, 
increases the well BHP that would in turn improve the near well match depicted in Figure 5. Near-well effects show a greater 
complexity for the match. Given a constant rate q for the injector, the primary effect of increasing the connection permeability 
is to decrease the BHP required for the match. This is not observed for the coarsened grid, as shown in Figure 19 because the 
connection block pressures are significantly impacted by the discretisation and loss of heterogeneity of the grid.  
 
 
 
Impact of Interwell heterogeneities 
 
This section specifically addresses the impact of interwell 
heterogeneities on the matching efforts for the line drive strategy. The 
Dykstra coefficients are calculated for flow paths for the particular line 
drive problem. A loss of heterogeneity can also be approximated as the 
difference between the two correlation coefficients. However for a large 
correlation length problem, one would expect negligible changes in the two 
coefficients, therefore level of heterogeneity along a flow path can give an 
idea of the correlation with the mismatch.  Similar to the previous case, the 
global response can only be analysed per strategy as observed data is 
unique to the strategies.  The relationship between the mismatch and the 
interwell heterogeneities are illustrated for the Line Drive strategy in Figure 
21. This was done using the Dykstra coefficient method along the flow 
region in the y axis where the permeabilities in the y direction were 
averaged per 4 cells in the x direction that defined the flow region as identified in Figure 20.  
(a). (b). 
 
 
 
Figure 21- (a). Correlation between HL and Well mismatch, (b). Mismatch and solution for worst line drive well WWPR shown for early 
times 
 
For the line drive strategy the level of mismatch indicated by the absolute value of the global function for WWPR is 
approximately positively correlated with the level of heterogeneity in the flow path identified in Figure 17. The resulting 
heterogeneity for P-3-LD is the sharp transition from an extreme low to high permeability values depicted in Figure 20. As a 
result, a later water breakthrough time is observed. Figure 21 (b) shows this mismatch in breakthrough times with the proposed 
solution of workflow 5.  Other wells identified as problematic on the basis of heterogeneity levels and level of mismatch are P-
4-5S, P-3-5S and P-3-LD.  
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Figure 19 - Latin Hypercube Sensitivities Near-well Vs. Interwell for Workflows 2 and 3 
 
 
Figure 20 - Averaging method for Permeability for 
the Line Drive strategy 
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Optimisation analysis results depicted in Figure 9 only take 
into account the mean enhancement per class of response 
parameters as given by Equation 3. Therefore to understand the 
breakdown and successes of the proposed workflows, the level of 
flow geometries and heterogeneities need to be analysed. 
Workflow 5, which considers tuning per facies, can give a 
reasonable idea of the effect of heterogeneities on each strategy. 
The simplest single well line drive case in fact shows that the 
interwell production rate matches and the respective BHPs are 
dominated by the loss of heterogeneities for the highest 
permeability facies as represented by the Latin Hypercube 
analysis in Figure 19.   
For the simple single line drive case, all the heterogeneities 
within the well flow path are well captured by almost all of the 
proposed workflows as illustrated by the matches in Figures  
14 and 17. This match is achieved simply by increasing the Fine Sand 
transmissibility in order to obtain earlier water breakthrough, and based on 
Figure 22, decreasing permeabilities in the other facies for a late water 
match.    
 
Uniform Transmissibility multipliers used in workflows 3 and 5 are only 
able converge to an optimum solution if the correlations for response 
parameters are consistent, as seen for the single line drive strategy. 
However, the single line drive strategy only considers one response 
parameter per well. On the other hand, Production strategy 2 showed 
minimal improvement in the production rates due to the response of P-1-
LD.   A flow problem can be demonstrated by workflow 3 which considers applying uniform interwell multipliers. This is not 
a reasonable solution since well P-1-LD showed anti-correlated behaviour for the production rates match in the X and Y 
transmissibilities (Figure 23). Therefore, a successful match for this particular well can only be done at a cost of a lowered 
overall global value. Transmissibility in X is negatively correlated therefore the upper end of the range is preferred whereas Y 
transmissibility correlation favoured the lower end of ranges employed from 0.5 to 2. In fact, none of the line drive producers 
showed any correlation with the transmissibility in X. This behaviour is expected due to the location of the well which is 
impacted by the flow from injectors, I-3-LD and I-2-LD (See Figure 4 (a)).  Hence, the scope of optimisation is limited due to 
the differing well behaviours for the line drive strategy as indicated by the minimal improvement in breakthrough time for P-3-
LD in Figure 21 (b). Another reason why the overall global function is lowered is due to the interplay of near well and 
interwell effects as seen previously.  
 
For the five spot pattern, there is a greater flow complexity as both x and y dimensions are significant. The two worst well 
matches for this pattern were for P-3-5S and P-4-5S. P-3-5S, which is in the same location as the injector for single well drive 
is therefore dominated by the same heterogeneous permeability field (Figure 8). As expected, the varying heterogeneity levels 
give rise to underestimated production rates for long periods as well as earlier water breakthrough times. Well P-4-5S showed 
overestimated production rates that last for the entire development strategy. In fact, none of the workflows could address a 
solution for Well P-4-5S breakthrough time. The optimisation scope for the five spot pattern was severely impacted by the 
flow geometry problem as illustrated in figure 24. The upper and lower limits of the ranges for X multipliers show opposing 
behaviour for the 2 problematic wells, both which lie on different axes. Hence, this limits the ability of the uniform multiplier 
workflows 3 and 5.  
 
 
Figure 24-Single variable Sensitivities for Water production rates for the 2 worst performing wells in the five spot pattern 
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Figure 22 - Latin Hypercube analysis for Workflow 5 for a 
single Line Drive 
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Applicability of Workflow 5 
Apart from the number or runs, the reason for keeping the Near-well match simple was to obtain a universally applicable 
workflow. This section investigates the applicability of the proposed workflow 5 which concerns the dependency on 
production strategy. It has already been identified that near well behaviour is dominated by permeability effects in the vicinity 
of the wellbore as well as the interwell regions. The advantage of workflow 5 is that it captures the original permeability 
distribution of the reservoir whilst providing flexibility for varying transmissibilities for certain levels of permeability. As seen 
previously, the workflows are dependent on the type of strategy considered as well as the regional reservoir heterogeneities. As 
a result, near well matching can be considered to be an inverse problem, since it is specifically related to the connection 
permeabilities.  To evaluate the applicability of the most robust workflow, the interwell transmissibilities are considered. The 
aim is to apply the same interwell tuning parameters i.e. transmissibilities in X and Y to different strategies and compare the 
scope of optimisation. To compare the strategies, it is useful to consider the absolute global objective function which identifies 
the error associated with a particular strategy. Figure 25 shows the errors associated with the different tuning approaches. 
 
  
 
Figure 25 - Interwell tuning applied to different strategies 
 
The results show consistency between the five spot and line drive 
interwell tuning parameters. One reason for this is that the tuning 
emphasises particular flow regions for instance in the y direction, 
which would improve the wells that lie on the y axis. Table 5 
specifies the studied wells and the axes on which they lie. The 
absolute error is defined as the difference in Global between the 
‘Tuned’ and the Coarse Grid. A negative absolute error in this case 
represents an improvement for the well in question. In terms of 
tuning the line drive strategy using five spot tuning parameters, it 
can be seen that the improved well, P-1-LD in fact lies on the same 
axis as P-3-FS as well as Producer in the single line drive. Reversing 
the argument, if line drive interwell tuning is applied to the five spot 
pattern, the previously ‘problematic’ wells show significant 
improvement and the errors in the worsened matches are minimal. This 
can be explained by recalling that the correlation length is defined in 
the y axis (Figure 26).  The tuning has in fact proven significant in the 
direction of flow along heterogeneity length scales hence a switch 
from interwell tuning for line drive to a five spot pattern remains valid.  
This can be further illustrated for when a five spot strategy is tuned 
using line drive parameters as shown in Figure 26. As a result of this 
method, the wells, namely P-3-LD and P-2-LD which are not along the 
flow paths of the five spot pattern (See Figure 4), are not improved.  
 
Enhanced workflow 
 
This study aims to increase the scope of optimisation as well as 
the practicality of workflow 5. So far a compromise in near and interwell matches is observed as these regions are connected. 
It is useful to combine the both PI multipliers and facies transmissibilities in one workflow. To enhance the current workflow, 
instead of tackling each facies individually, a reasonable approach can be to only use tuning parameters per high permeability 
facies i.e. fine sand and sand, combined with the use of PI multipliers in the same workflow. To keep the number of 
parameters for the workflow balanced, the PI multipliers for similar well types are combined for instance; the same multiplier 
is used for P-1-LD, P-2-LD and P-3-LD in the line drive strategy.  The new workflow is tested on the most complex flow 
pattern as the five spot strategy. The results are successfully improved as shown in Figure 27:   
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Table 5 – WWPR absolute error per producer for a cross-
tuned model 
Well Axis Tuning 
Strategy 
Absolute error (ΔGlobal) for 
WWPR from Coarse Grid 
P-1-FS Y Line Drive 9.9 
P-2-FS X Line Drive 9.5 
P-3-FS Y Line Drive -18.8 
P-4-FS X Line Drive -53.8 
P-1-LD Y Five Spot -69.5 
P-2-LD Y Five Spot 219 
P-3-LD Y Five Spot 131.8 
Producer Y Five Spot -9.8 
 
Figure 26 - Reason for enhancement using the 
crossover tuning method for well P-4-FS using line 
drive interwell multipliers 
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Figure 27 - Improvement of the enhanced workflow compared with workflow 5 for WWPR and WBHP 
Application of a Gradient Based method 
Workflow test 3 using a Gradient based method  
 
 Gradient based methods are known to be robust but they have limitations. This study involves the use of gradient based 
methodologies using a commercial history matching tool.  To investigate the difference from a statistical approach, the single 
line drive strategy is implemented and the numbers of runs to convergence are compared as well as the optimisation criteria for 
a workflow evaluation. Workflow 3 is considered for this study as it proved to be the most practical for the statistical history 
matching methodology described earlier. The same weight functions and standard deviations are considered for a comparative 
study.  
The first step is to calculate gradients to provide sensitivities.  Similar to the correlation coefficients described earlier, a 
negative coefficient represents a need to increase the particular parameter. The next step is to analyse the correlation matrix 
which is extremely important for the purposes of regression. This gives further insight into the interaction between different 
parameters which is critical for the application of a non-linear regression method. A strongly correlated case means the 
parameters will have an opposing effect on the overall match hence these must be removed, an example of this is provided in 
the Appendix D. To improve the strongly correlated cases, one of the two parameters is removed for example; connection in 
layer 7 for the producer and the uniform X transmissibility multiplier.  In the case of anti-correlations, the parameters are 
merged. To further study the parameter effect on the non-linear regression, a hessian analysis suggests the removal of certain 
parameters based on the diagonal dominance of the Hessian matrix.  
 
Results comparison of gradient based vs. Statistical 
The upscaling tuning for production strategy 1has been successfully achieved by using workflow 3 with an application of a 
gradient based history matching method.  Upon an evaluation run, a total RMS was calculated which is analogous to the global 
objective function, however it accounts for average deviation considered for a particular response parameter. The optimisation 
is shown in Figure, which took 10 iterations, with a single sensitivity run.   
   
Figure 28 - Optimisation comparison of Gradient based vs. Statistical history matching methodologies 
 
Discussion 
In this paper, a statistical based assisted history matching methodology is successfully applied to 3 different production 
strategies in attempt to tune an upscaled channelized test model. As described, the statistical assisted history matching 
technique has been used to develop several test workflows that are successfully applied to the upscaling problem in question. 
The statistical technique was primarily chosen on the basis of its usability as it allows for interaction throughout the history 
matching cycle (Figure 2). This has been compared with an alternate methodology based on gradients. The gradient method 
requires only a single sensitivity run, whereas a minimum of 2 runs are required for a basic sensitivity for a statistical case.  
However, the complete gradient based workflow is not straightforward to implement. It is also observed that the sensitivity 
analysis required to understand the physical reasons behind the upscaling problem is far simpler for the statistical approach as 
opposed to gradient based. Further tests are recommended to fully assess the effectiveness of the gradient based technique, 
considering different heterogeneities and flow regimes.  
A critical analysis of the different AHM-based workflows showed that workflow 5 that involved tuning interwell regions 
by employing transmissibility multipliers per facies, followed by near well matching using a productivity index multiplier is 
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likely to bring most improvement to the coarse grid. The method proves to be the most valid for the defined heterogeneous 
model since the petrophysical properties were correlated with the facies. As a result, the upscaling errors are successfully 
addressed by the application of regional transmissibility multipliers. An improvement in this method is shown by a technique 
that automates the near well match and interwell in the same history matching cycle. Although workflow 4, which addressed 
high flow rate layers, provided decent results, it is considered unreliable as it approximates the uneven transmissibility 
distribution within a layer by the use of a single multiplier. 
In terms of near well behaviour, the use of a uniform productivity index multiplier may not be the most accurate method; 
instead a recommendation is to specifically adjust the PI for altered connections in order to achieve the ‘equivalent 
transmissibility or permeability’ solution stressed by Ding (1995). However, this approach can introduce undesirably large 
parameter sets which can prove to be computationally inefficient. This is also consistent with the conclusion proposed by 
Maschio and Schiozer (2005). A suggestion to deal with the large parameter sets is to consider techniques from the gradient-
based methodology to identify the most important connections for matching. Another solution to this problem is to use an LGR 
equivalent to the fine grid around the coarse grid well connection, which is shown to eliminate near well effects. 
Addressing the discretisation effects has not been emphasised in this paper. The level of heterogeneity relationships derived 
using Dykstra-Parsons methodology in fact neglects the discretisation errors. Numerical dispersion errors due to discretisation 
could have a greater impact in multi-phase flows, particularly in later stages of reservoir production.  These could be addressed 
by using relative permeability function end points as tuning parameters for the history match.   
A criterion for reliable model has been proposed to entail all response parameters required for the upscaling tuning task. 
Although, overall solutions based on the global objective function do improve the match between the fine and the upscaled 
model. It is recommended to investigate errors in response parameters per wells for a complete evaluation of a workflow. 
Cumulative oil production may not a very reliable estimate for assessment of upscaled models lengths as the final time step is 
highly dependent on the level of early time mismatch in oil production rates. Therefore, this was omitted from the initial 
optimisation criteria. To assess the validity of the solution, it must be followed by an actual history matching test on a full field 
model. This will allow for comparisons to be made between the application of the defined history matching workflow and 
specific upscaling techniques.  
 
Conclusions 
A statistical history matching methodology has been applied to a water-flooded conventionally upscaled heterogeneous 
model with large correlation lengths. It is shown that the match between the coarse grid and the fine grid results can be 
improved successfully by tuning using this methodology, but it is essential to use a workflow appropriate for the specific 
model. An approach has been proposed for workflow evaluation that considers practicality of implementation as well as 
quality of the match. 
1. The effectiveness of tuning workflows implemented depends on the production strategy used, as well as the geological 
realisation. 
2. Both near well and interwell regions must be addressed for a successfully tuned model. It has been shown that 
automating the process for near well and interwell match simultaneously can provide improved results 
3. Near well permeability multipliers can be applied to the coarsened well connections to capture the fine grid 
permeability behaviour, however, for increasing flow complexity, this method is computationally inefficient. 
4. Interwell transmissibility tuning per facies combined with near well matching using manual Productivity Index 
multipliers provides a good match to the flow behaviour on the original fine grid but at a cost of reduced practicality.   
5. Dykstra-Parsons coefficients were used to identify the relationships between heterogeneity and quality of the match. In 
this study, near well heterogeneities had a greater impact on injector BHP than producer BHP. Use of an LGR at the 
connections can improve the near-well match. 
6. The complexity introduced by the use of different development strategies with different flood patterns illustrates the 
breakdown of uniform multiplier methods. The introduction of variable flow regimes limits the optimisation scope of 
the workflows due to differing well behaviours shown by sensitivity analyses for each strategy.  
 
Recommendations for Further Study 
 
To validate the concept of tuning conventional upscaling via history matching workflows, it is recommended to: 
1. Apply methodology to full field waterflooding strategies. In particular, investigate whether tuning the upscaling 
results can assist in the actual history match with actual observed data. 
2. Compare the scope of optimisation with developed upscaling methodologies to further assess the practicality and 
relevance of the workflow.   
3. Test larger near well regions with restricted interwell region in attempt to negate opposing BHP and Interwell effects. 
4. Attempt separate history matching for discretisation effects on a homogeneous model and apply the same varied 
multipliers to heterogeneous case in question. 
5. Extend the test from secondary recovery methodologies to tertiary to investigate the impact of an additional phase on 
the applicability of the presented workflows. 
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Nomenclature 
PICOARSE Coarse connection cell PI 
q Production rate (STB/D) 
ΔQ Change in global from coarse grid/  
ωi  Time weight function 
ωi  
j
 Response parameter weight function 
si  
j
 Simulated data for response parameter, j 
𝜎𝑖 Standard deviation / expected error 
ft Foot 
Q Global objective function 
Ni Number of time steps 
ΔQ i Absolute error for i
th
 well  
n Maximum number of wells 
Pw Well flowing pressure 
oi  
j
 Observed data for response parameter, j 
kxy Permeability in xy plane (mD) 
Ф  Porosity  
𝑝𝑖   Average initial reservoir pressure (psi) 
psi Pounds mass per square inch 
c Transmissibility multiplier 
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Appendix A: Literature Review 
 
Table A-1: Key milestones related to near-well and interwell upscaling problems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Paper n Year Title Author(s) Contribution 
SPE-29137 1995 Scaling-up in the Vicinity of Wells in 
Heterogeneous Field 
Ding, Y.  Successfully formed a near well upscaling 
method and validated with a full field 
application 
SPE-30709 1996 Scale Up of Heterogeneous Three 
Dimensional Reservoir Descriptions 
 
 
Durlofsky, L. 
Behrens, R. , Jones, 
R. and Bernath, A.  
Computationally efficient and valid method as 
it allows accurate capturing of geology, which 
is ideal for history matching 
SPE-36518 1997 Permeability Upscaling for Near-
Wellbore Heterogeneities 
Soeriawinata, T., 
Kasap, E. and 
Kelkar M. 
Validated near well upscaling method using 
primary and secondary recovery methods 
PETSOC-99-34 1999 Transmissibility Scale-Up in 
Reservoir Simulation  
 
Wang, W. and 
Gupta, A.  
Transmissibility upscaling to match flow rates 
in the fine grid model. Well PI upscaling is 
emphasised. Ability of the method to maintain 
heterogeneity trends 
SPE-51940 2000 Scale Up in the Near-Well Region  
 
Durlofsky, L.J., 
Milliken W.J., and 
Bernath, A. 
Computationally efficient approach of near well 
upscaling. 
SPE-93339 2005 A New Upscaling Approach for 
Highly Heterogeneous Reservoirs 
Zhang,P., Pickup 
G.E. , Christie, 
M.A.  
 
Extension of Ding Y.’s method where the 
relative permeabilities are averaged to upscale 
the well connection factor. Development of a 
Well drive upscaling method using global 
boundary conditions.  
SPE-124955 2009 Development and Application of 
Upscaling Techniques for Modelling 
Near-Well Flow in Heterogeneous 
ChenY., Bernath, A., 
Rai H., Muron P. 
Near well arithmetic averaging method 
proposed as a development: Computes fine 
scale permeabilities along well trajectory 
Computational 
Geosciences  
1573-1499 
2012 Near-well upscaling of three-phase 
flows 
Nakashima,T., 
Durlofsky, L.J., and 
Li., H. 
Addressed near-well upscaling of three phase 
flow  
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SPE 29137 (1995) 
 
Scaling-up in the Vicinity of Wells in Heterogeneous Field 
 
Authors: Ding Y.  
 
Objective of the paper: 
To define an accurate well PI by using an equivalent permeability problem near the well so that simulations on coarse grids are 
equivalent to those on fine grids.  
 
Methodology Used: 
Scale up transmissibility and Numerical PI in vicinity of well with the assumption that fine scale permeability varies on 2 
distinct scales i.e. correlation length of permeability must be smaller than reservoir length scale defined by the well spacing 
 
Conclusions 
Peaceman’s formula is not appropriate as it involves permeability of grid block and this may have been calculated by scaling 
up under an assumption of linear flow. 
Conventional upscaling methods near the well bias the results as they do not account for the radial flow problem. 
Near well behaviour is significant for production forecasts. 
 
Comments: 
From a history matching perspective, it is interesting to note the emphasis on the near well behaviour alone.  
 
SPE 30709 (1996) 
Scale Up of Heterogeneous Three Dimensional Reservoir Descriptions 
 
Authors: Durlofsky L.J., Jones R.C. and Bernath, A. 
 
Objective of the paper: To develop a general method for a highly detailed heterogeneous 3D model.  
 
Methodology Used: Non-uniform coarsening with high flow rate regions identified by single phase flow calculations with 
coarser, homogenised reservoir properties in the rest of the reservoir model.  
 
Conclusions: Method is successful in terms of matching fine and coarse grid models, in addition to being computationally 
efficient. The method has shown high validity as it can capture geological heterogeneities in the coarsened model with a high 
degree of accuracy. 
 
Comments: The capturing of the heterogeneities is an ideal starting point for a history match to be undertaken.  
 
 
 
SPE 95241 (1997) 
Permeability Upscaling For Near Wellbore Heterogeneities 
Authors:  Kelkar, M. , Kasap. E and Soeriawinata  T.  
Objective of the paper: To address problem of radial flow in the vicinity of the well using an analytical approach to calculate 
effective coarse grid well block permeability from its fine grid blocks.  
 
Methodology Used: Calculate effective permeability of a coarse grid block from its constituent fine grid blocks using 
incomplete layers concept and steady state radial flow averaging laws applied to a Cartesian grid scheme. Preserve the ratio of 
fluid flux to potential drop realized across fine grid blocks by calculating upscaled permeability.  
 
Conclusions: Radial flow permeability upscaling for well blocks agree better with original permeabilities from linear flow 
upscaling. Performance of a well is more affected by the permeabilities in the vicinity of the wellbore than by any permeability 
away from it. 
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Comments: Permeability is the most important property affecting flow performance, therefore must be upscaled accurately.  
Linear flow error may increase with increasing difference of permeability values between near well and reservoir scale. 
 
 
PETSOC-99-34 (1999) 
Transmissibility Scale-Up in Reservoir Simulation  
 
Authors: Wang W., Gupta, A. (1999) 
 
Objective of the paper: To develop an efficient method for scaling of petrophysical properties from high resolution geological 
models to reservoir simulation resolution.  
 
Methodology Used: Transmissibility scale up for linear flow. To solve Partial Differential Equation, there is a need to use 
transmissibility from neighbouring grid blocks.  
 
Conclusions:  Transmissibility upscaling method is only suitable for linear flow.  Productivity index scale up for radial flow 
around near wellbore is also recommended.  
 
Comments : There is a need to retain the heterogeneities in the coarsened model. 
SPE 51940 (2000) 
 
Scale Up in the Near-Well Region  
 
Authors:  Durlofsky L.J., Milliken, W.J. and Bernath, A. 
 
Objective of the paper: To address problem of radial flow in the vicinity of the well with minimum computational efforts. 
 
Methodology Used: Computed accurate coarse scale well block transmissibilities and well indices for vertical wells in 2D and 
3D to obtain accurate representation of flow field.  
 
Conclusions:  Local well treatment provides improved predictions compared to standard methods depending on parameter 
ranges. Showed accurate transmissibilities and well indices for well-driven flow in coarse scale models. Large correlation 
lengths have less of an effect. Small correlation lengths provide substantial improvements in the near well region.  
 
Comments: Absolute permeability is always one of the most uncertain upscaled property. All existing scale-up techniques 
provide coarse scale effective permeabilities. For fixed BHP, flow rates must be very close to fine scale mode and for fixed 
flow rates, BHPS should match. 
SPE 93339 (2005) 
 
A New Upscaling Approach for Highly Heterogeneous Reservoirs  
 
Authors: P. Zhang, G.E. Pickup, M.A. Christie (2005) 
 
Objective of the paper:  To demonstrate how conventional upscaling approaches fail to account for highly heterogeneous 
reservoirs.  
 
Methodology Used:  Well drive upscaling method is when locations and pressures are specified to a well based on a fine scale 
pressure solution, obtained using the actual reservoir boundary conditions.. Upscaling inter-block transmissibilities and 
compute well connection factors for an accurate PI.  Transmissibility weighted relative permeability curves are used for an 
accurate representation of endpoints in multiphase flow. Accurate inter-block transmissibilities and WI are computed using the 
boundary conditions.   
 
Conclusions: Upscaling is mainly a problem for large correlation lengths. 2 phase flow problem when dispersion effects are 
lost, especially for large scale up factors. Well Drive Upscaling method is shown to be suitable for highly heterogeneous 
reservoirs and can be extended to complex grid types. The accurate upscaling of transmissibility may ensure good 
20                        Application of History Matching Tools to Upscaling 
representation of main geological structures and thus maintain the main flow regimes. Transmissibility reflects relative flow 
importance of each of the fine grid cells along upstream interface. Local  
 
Comments: Fluid flow depends on well locations. Accurate production of flood front may be problematic in pressure solution 
method with locally applied BC.   
SPE 124955 (2009) 
Development and Application of Upscaling Techniques for Modeling Near-Well Flow in Heterogeneous Reservoirs  
 
Authors:  Chen Y., Bernath, A., Rai H., Muron P.  
 
Objective of the paper: To address problem of radial flow in the vicinity of the well as well as interwell regions.  
 
Methodology Used: Apply transmissibility upscaling for inter well regions and compute upscaled transmissibility rather than 
permeability upscaling. Interwell region is regular part of the pressure solution.  
Near well arithmetic averaging method: Permeabilities of fine grid cells along well trajectories are used to compute the 
upscaled well index.  Local transmissibility upscaling is used to capture permeability connectivity in inter-well regions. This is 
tested on sector models based on primary production, water flooding to oil water and three phase flow.  
 
Conclusions: Upscaling of transmissibility can provide accurate results for highly heterogeneous reservoirs. Near well 
permeabilities must be treated differently to interwell. Well driven flow is dominated by fine scale permeabilities at well 
locations.  
 
Comments: Upscaled permeability is computed such that similar fine-scale flow rate is maintained on coarse scale  
model for a given Pressure drop.   
 
Near-well upscaling for three-phase flows (2012) 
 
Authors:  Nakashima,T., Durlofsky, L.J., and Li., H. 
Objective of the paper: To address the numerical dispersion issue associated with multiphase flow phenomenon for 
enhancement of current methods for near well upscaling.  
 
Methodology Used: Near well multiphase upscaling method using local well computations and a gradient based optimisation 
to minimise the mismatch between the fine and the coarse grid for oil and water rates.  
 
Conclusions: Show significantly higher levels of accuracy than previous conventional approaches that uses single-phase flow 
parameters. 
 
Comments: The use of a gradient based approach is interesting as it is an assisted history matching approach, illustrating the 
coming together of upscaling and history matching approaches 
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Appendix B: Detailed Model Description 
 
 
Zone by Zone Section of Areal Permeabilities in the y direction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zone 1 Zone 2 Zone 3 
Zone 4 
Figure B-1 – Zone by Zone Area X section view of Areal permeabilities in the y direction 
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Appendix C – Homogeneous model Test 
 
Homogeneous model 
 
Standard upscaling techniques focus on capturing properties without taking into account discretisation errors which can be 
significant depending on the case.   
 
 
Figure C-1 – Simple homogenous model waterflood 
 
In order to show the numerical dispersion phenomenon associated with discretisation, consider the 2 relative permeability 
functions in Figure 3: 
 
 
 
 
Figure C-2 – Relative permeability functions for different wettability reservoirs 
 
Figure C-3 illustrates the numerical dispersion and that the mismatch in breakthrough time is independent of the wettability of 
the reservoir.  Water and oil wet cases; both result in a similar time of water breakthrough mismatch of around 200 days. It can 
be concluded that for this particular strategy, areal discretisation effects due to the numerical smearing of the front are 
dominant since flow is primarily in the x and y directions. The impact of discretisation is minimal when coarsened vertically.  
 
  
Figure C-3 – Water breakthrough mismatch for water and oil-wet cases 
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Appendix D – Gradient Based History Match 
 
1. Initial sensitivity analysis using gradients 
 
Figure D-1 – Sensitivity analysis using SimOpt 
 
2. Advanced sensitivity analysis using Correlation coefficients showing a correlated and an anti-correlated 
case for producer connections 
 
Figure D-2 - Correlation analysis using SimOpt 
 
 
 
 
 
 
 
 
 
Parameter Name YTrans:Region1 XTrans:Region2 ZTrans:Region3 ConnTrans:PRODUCER:13:1:1 ConnTrans:PRODUCER:13:1:2 ConnTrans:PRODUCER:13:1:3 ConnTrans:PRODUCER:13:1:4
YTrans:Region1 1 0.77639 -0.077556 0.010121 -0.088684 0.13966 -0.21452
XTrans:Region2 0.77639 1 0.061944 0.037372 -0.0097868 0.15321 -0.20904
ZTrans:Region3 -0.077556 0.061944 1 -0.43865 -0.024192 0.19208 -0.10583
ConnTrans:PRODUCER:13:1:1 0.010121 0.037372 -0.43865 1 -0.38384 0.24261 -0.21298
ConnTrans:PRODUCER:13:1:2 -0.088684 -0.0097868 -0.024192 -0.38384 1 -0.69568 0.33302
ConnTrans:PRODUCER:13:1:3 0.13966 0.15321 0.19208 0.24261 -0.69568 1 -0.82001
ConnTrans:PRODUCER:13:1:4 -0.21452 -0.20904 -0.10583 -0.21298 0.33302 -0.82001 1
ConnTrans:PRODUCER:13:1:5 0.064225 -0.0081679 -0.090869 0.14284 -0.28254 0.223 -0.32631
ConnTrans:PRODUCER:13:1:6 0.0082932 -0.089468 0.24569 -0.34851 0.054127 -0.087402 0.030621
ConnTrans:PRODUCER:13:1:7 -0.054304 -0.010996 0.052695 0.055312 0.24066 -0.044607 -0.035566
ConnTrans:PRODUCER:13:1:8 -0.11664 -0.049833 -0.21056 -0.080508 0.050069 -0.19559 0.17415
ConnTrans:PRODUCER:13:1:9 0.11524 -0.014428 -0.13245 0.28319 -0.20758 0.18752 -0.13014
ConnTrans:PRODUCER:13:1:10 -0.028782 -0.099355 0.12122 -0.34777 0.16391 -0.14723 -0.041953
ConnTrans:INJECTOR:13:25:1 -0.13291 0.19314 0.10198 -0.11053 0.013416 0.014416 -0.034047
ConnTrans:INJECTOR:13:25:2 0.031534 -0.26434 0.054288 -0.082217 0.095873 -0.075437 0.03055
ConnTrans:INJECTOR:13:25:6 -0.43565 -0.57172 -0.014342 -0.067983 0.023411 -0.18351 0.23409
ConnTrans:INJECTOR:13:25:7 0.71144 0.80772 0.057381 0.088676 -0.022294 0.18824 -0.24361
ConnTrans:INJECTOR:13:25:8 -0.41378 -0.12133 -0.19756 0.25695 -0.17416 0.1644 -0.041719
ConnTrans:INJECTOR:13:25:10 0.33405 -0.28465 -0.41412 0.088393 -0.15034 -0.032452 0.043029
